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Edited by Ned ManteiAbstract We investigated nuclear localization signal (NLS)
determinants within the AT-hook and ETS DNA-binding do-
mains of murine Elf3 (mElf3), a member of the subfamily of epi-
thelium-speciﬁc ETS transcription factors. Deletion mutants
containing the AT-hook, ETS domain or both localized strictly
in the nucleus, suggesting that these individual domains contain
independent NLS motif(s). Within the AT-hook domain, four ba-
sic residues (244KRKR247) were critical for strong NLS activity,
and two potent bipartite NLS motifs (236–252 and 249–267)
were suﬃcient for nuclear import of mElf3, although less eﬃ-
cient than the full domain. In addition, one stretch of basic res-
idues (318KKK320) within the ETS domain appears to be essential
for mElf3 nuclear localization. Taken together, mElf3 contains
multiple NLS motifs, which may function cooperatively to eﬀect
eﬃcient nuclear transport.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Transcription factor1. Introduction
E26 Transformation-Speciﬁc (ETS) factors were originally
identiﬁed from a gag-myb-ets fusion oncogene of the avian
transforming retrovirus E26. They play important roles in bio-
logical processes such as diﬀerentiation and tumorigenesis, and
can be regulated by both protein–protein interactions and
mitogen-activated protein kinase-mediated phosphorylation
[1]. The ETS family is characterized by the ETS domain, which
is a conserved winged helix-turn-helix DNA-binding domainAbbreviations: NLS, nuclear localization signal; mElf3, murine Elf3;
ETS factors, E26 transformation-speciﬁc factors; ESE, epithelium-sp-
eciﬁc ETS
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doi:10.1016/j.febslet.2006.02.049of about 85 amino acid residues. This ETS domain binds to
purine-rich GGAA/T core sequences and additional ﬂanking
nucleotides, and is responsible for the aﬃnity and speciﬁcity
of ETS binding activity [2].
The ETS family can be divided into several subfamilies on
the basis of structural composition and similarities in DNA-
binding ETS domains. Among these subfamilies, Elf3 belongs
to the epithelium-speciﬁc ETS (ESE) subfamily (also known as
ESE-1, ESX, Jen and ERT) that plays key roles in epithelial
cell diﬀerentiation and tumorigenesis [3–5]. Unlike other mem-
bers of the ETS family, Elf3 contains two DNA-binding do-
mains, an AT-hook and an ETS sequences [6]. The AT-hook
domain is a small DNA-binding motif containing a Gly-Arg-
Pro core consensus sequence. It was ﬁrst described in the high
mobility group non-histone chromosomal protein HMG-I (Y)
[7] and has been shown to bind to AT tracts in the minor
groove of DNA [8]. It may serve as an accessory DNA-binding
domain for anchoring to particular DNA structures, as well as
participating in cooperative DNA-binding activities with other
proteins [9].
In order for a protein to function as an activator and/or
repressor of transcription of a target gene, eﬃcient nuclear
localization is essential [10]. Thus, speciﬁc nuclear localiza-
tion signals (NLS) mediate active transport of proteins into
the nucleus selectively and eﬃciently [11]. Although NLS se-
quences are not conserved, they generally belong to one of
two basic amino acid-rich patterns. Monopartite NLS se-
quences are characterized by a short stretch of 4–6 basic ami-
no acids, typiﬁed by the SV40 large T antigen NLS
(PKKKRKV), whereas bipartite NLS sequences comprise
two stretches of basic amino acids, separated by a spacer of
10–12 amino acids [e.g., nucleoplasmin (KRPAATKKAG-
QAKKKK; [12]). Proteins containing classical NLS se-
quences are imported into the nucleus by importin a/b
heterodimers. Importin-a contains a NLS binding site and
importin-b mediates translocation through the nuclear pore
complex [13].
In order to identify the NLS sequences required for murine
Elf3 (mElf3) nuclear import, we investigated its nuclear/cyto-
plasmic distribution using a variety of fusion proteins con-
structed through deletion and site-directed mutagenesis. We
demonstrated that the mElf3 contains multiple NLS motifs
within its AT-Hook and ETS domains.blished by Elsevier B.V. All rights reserved.
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2.1. Cell culture and transient transfection
COS-7 cells (American Type Cell Collection) were seeded on glass
coverslips in 6-well plates and grown overnight in Dulbecco’s modiﬁed
Eagle’s medium (Life Technologies, Paisley, UK) supplemented with
10% fetal bovine serum (Hyclone, Logan, UT), 100 units/ml penicillin
and 100 lg/ml streptomycin. The cells were transfected with 1 lg of fu-
sion protein vectors expressing wild-type or mutant Elf3 by using Ex-
Gen 500 in vitro transfection reagent (Fermentas, Hanover, MD).
Following ﬁxation in 4% paraformaldehyde and staining of nuclear
DNA with 4 0,6-diamidino-2-phenylindol (DAPI), the coverslips were
mounted in Faramount Aquous Mounting Medium (DakoCytoma-
tion, Carpinteria, CA) and the cells were photographed using confocal
laser scanning and diﬀerential interference-contrast (DIC) microscope
equipped with software package LSM 510 version 3.2 (Zeiss, Jena,
Germany). All transfection experiments were performed on a mini-
mum of ﬁve independent replicates.
2.2. Plasmid constructs
Full-length mElf3 sequences were obtained from the cDNAs of F9
cells that had been treated with 10 lM retinoic acid for 5 days. GFP
fusion proteins of mElf3a and mElf3b were generated by ligating
full-length wild-type or mutant DNA into pEGFP-C1 (Clontech, Palo
Alto, CA). Deletion and site-directed mutagenesis were performed in
the AT-hook and ETS domains using the ‘‘QuickChange’’ method
(Stratagene, La Jolla, CA) and the constructs were ligated into the fu-
sion vectors pDsRed1-C1 (Clontech) or pEGFP-C1. All constructs
were conﬁrmed by sequencing.3. Results and discussion
3.1. Subcellular localization of full-length mElf3 and deletion
mutants
Several ETS proteins are known to act as transcriptional reg-
ulators of gene expression and thus require entry to the nucleusFig. 1. Subcellular localization of EGFP-mElf3 wild-type and deletion mutan
deletion mutants, fused to EGFP. The pointed domain, TAD (transactivatio
and ETS domain are indicated. (B) Confocal laser scanning and DIC micros
counter-staining of nuclear DNA with DAPI. Bar = 20 lm.[14,15]. In order to examine the subcellular localization of
mElf3 and map the functional nuclear localization sequences
within it, we generated recombinant vectors of full-length or
deletion mutants of mElf3a and b, individually fused to the
C-terminus of the EGFP (Fig. 1A). There are two forms of
full-length mElf3 (mElf3a and b); relative to mElf3a, mElf3b
contains a 20 amino acid insertion upstream of the pointed do-
main [3]. However, functional diﬀerences between the variants
remain unknown. In transiently transfected COS-7 cells, both
full-length recombinant proteins localized exclusively in the nu-
cleus (Fig. 1B, b and c). Deletion mutants with C-terminal re-
gion [amino acids (aa) 236–371 in mElf3a], which contains
both AT-hook and ETS domains, localized exclusively in the
nucleus (Fig. 1B, f). In contrast, mutants comprising only the
N-terminal regions (aa1–235, mElf3a; 1–255, mElf3b) were dis-
tributed exclusively in the cytoplasm (Fig. 1B, d and e). These
results imply that the extra residues in mElf3b are not involved
functionally in nuclear localization and the C-terminal region
of mElf3, containing the two DNA-binding domains, is respon-
sible for eﬃcient and complete nuclear import.
3.2. mElf3 carries independent NLS within both the AT-hook
and ETS DNA-binding domains
In order to investigate the NLS motif candidates within
mElf3, a computer-based sequence analysis was performed
using the PSORTII prediction program (//psort.nibb.ac.jp).
This analysis predicted multiple NLS motifs, including two
monopartite (244KRKR247 and 249RPRK252) and two bipartite
(236KK-RPRK252 and 251RK-KKSK267) NLS sequences within
the AT-hook; no NLS motif was predicted in the ETS DNA-
binding domain (Table 1). To narrow down the nuclear locali-
zation region within two DNA-binding domains of mElf3, at fusion proteins. (A) Schematic representation of mElf3 wild-type and
n domain), SAR (serine-aspartic acid-rich) domain, AT-hook domain,
copy of COS-7 cells transfected with EGFP-tagged fusion proteins and
Table 1
Computer-based sequence analysis of putative NLS motif within
mElf3 by pSORTII prediction program
NLS Sequences
WT 236KKGEPKHGKRKRGRPRKLSKEYWDCLEGKKSK267
Monopartite 1 244KRKR247
Monopartite 2 249RPRK252
Bipartite 1 236KKGEPKHGKRKRGRPRK252
Bipartite 2 251RKLSKEYWDCLEGKKSK267
Amino acid residues are indicated with the single-letter code and the
basic amino acids of NLS motifs are underlined.
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Red1-C1 and expressed in COS-7 cells (Fig. 2). We identiﬁed
that two non-overlapping amino acid fragments (aa 236–267
containing AT-hook and 271–371 ETS domain) localized
exclusively within the nucleus and were critical for nuclear
localization (Fig. 2B, c and f). Moreover, partially overlapping
fragments (aa 236–252 and 251–267) localized predominantly
in the nucleus, even if partially distributed within the cytoplasm
and less eﬃciently within the nucleus than the full domain (aa
236–267) (Fig. 2B, d and e). This result implies that in mElf3,
multiple NLS motifs might be present within the AT-hook
and ETS DNA-binding domains since these individual deletion
mutants contain short stretches of positive-charged basic ami-
no acid residues and that these motifs might function coopera-
tively for eﬃcient nuclear localization. Although DNA-binding
speciﬁcity has not yet been demonstrated for the AT-hook do-
main, in-frame deletion mutation analysis has shown this re-
gion contains functional NLS in human ESE-1 [5].Fig. 2. Identiﬁcation of functional NLS domains within mElf3. (A) Schematic
region containing AT-hook and ETS DNA-binding domains, fused to DsR
transfected with DsRed1-tagged fusion proteins and counter-staining of nuc3.3. Identiﬁcation of multiple NLS motifs within the AT-hook
DNA-binding domain of mElf3
We analyzed further the contribution of residues 236–267
(which contain the AT-hook domain) to nuclear accumula-
tion of mElf3. To examine whether or not the two monopar-
tite NLS motif candidates (244KRKR247 and 249RPRK252)
might play a role in nuclear localization, we constructed
site-directed mutants of aa 242–254 in pDsRed1-C1
(Fig. 3A). These 13 basic amino acid-rich residues (242–
254) were suﬃcient for complete and eﬃcient nuclear locali-
zation (Fig. 3B, b). Moreover, mutation of the ﬁrst stretch
of basic amino acid residues 244KRKR247 to alanine residues
[244AAAA247, DsRed1-mElf3 (242–254)] abrogated strong
nuclear localization activity of DsRed1 fusion mutant protein
(Fig. 3B, c), whereas mutation of the second stretch of basic
amino acid residues 249RPRK252 to alanine residues
[249APAA252, DsRed1-mElf3 (242–254)] resulted in proteins
with clear and exclusive nuclear accumulation (Fig. 3B, d).
Moreover, ﬂuorescence was broadly dispersed into the cyto-
plasm, following disruption of both groups of residues
(Fig. 3B, e). This analysis revealed that the 244KRKR247 se-
quence alone resulted in eﬃcient nuclear localization, indicat-
ing that this motif is crucial, possibly acting as a monopartite
NLS motif.
In order to analyze the role in nuclear transport played by
bipartite NLS motif candidates within the full AT-hook do-
main, we again mutated the basic amino acids 244KRKR247,
249RPRK252 or both, to alanine residues in the construct pDs-
Red1-C1 mElf3 (236–267) (Fig. 4A). Mutagenesis to
244AAAA247 resulted in a predominantly nuclear distributionrepresentation of the various deletion mutants in the mElf3 C-terminal
ed1. (B) Confocal laser scanning and DIC microscopy of COS-7 cells
lear DNA with DAPI. Bar = 20 lm.
Fig. 3. Identiﬁcation of a monopartite NLS motif within the AT-hook domain by site-directed mutagenesis of mElf3a (242–254). (A) Schematic
representation of site-directed mutants within the AT-hook domain, fused to DsRed1. (B) Confocal laser scanning and DIC microscopy of COS-7
cells transfected with DsRed1-tagged fusion proteins and counter-staining of nuclear DNA with DAPI. Bar = 20 lm.
Fig. 4. Identiﬁcation of additional NLS motifs within the AT-hook domain by site-directed mutagenesis of mElf3a (236-267). (A) Schematic
representation of site-directed mutants within a fragment spanning the entire AT-hook domain, fused to DsRed1. (B) Confocal laser scanning and
DIC microscopy of COS-7 cells transfected with DsRed1-tagged fusion proteins and counter-staining of nuclear DNA with DAPI. Bar = 20 lm.
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Table 2
Comparison of partial amino acid sequences within ETS domain of
ETS family
Proteins Sequences Identity (%)
mElf3a 311VAQLWGQKKKNSNMTYEKL329
cEts1/mEts1 371VARRWGKRKNKPKMNYEKL389 52%
hESE1a 311VAQLWGQKKKNSNMTYEKL329 100%
hESE2a 211LAKMWGQRKKNDRMTYEKL229 68%
hESE3a 222VAQLWGKKKNNSSMTYEKL240 84%
The percent identity of each amino acid residues is indicated on the
right. A cluster of basic amino acids is indicated by bold and under-
lined letters.
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Red1-mElf3 (242–254) (Fig. 3B, c). The 249APAA252 mutant
localized exclusively within the nucleus, presumably owing to
the presence of the monopartite motif 244KRKR247 (Fig. 4B,
d); the double mutant (244AAAA247 and 249APAA252) was en-
riched predominantly in the cytoplasm (Fig. 4B, e). These re-
sults strongly suggest that additional NLS motifs might be
present within the AT-hook domain and residues 249RPRK252
are likely to require additional sequence motifs for entry into
the nucleus, as the predicted bipartite NLS motif. To identify
additional sequences that might interact with 249RPRK252, fur-
ther mutations were performed in the construct pDsRed1-C1
mElf3 (236–267, 244AAAA247), replacing residues at the N-
or C-terminal regions by alanine (Fig. 5A). Mutation of
236KK237, 244KRKR247, and 264KKSK267 to alanine residues
(249RPRK252 was unaltered) resulted in cytoplasmic expression
of the fusion protein, supporting that residues 249RPRK252 act
preferentially as a bipartite motif, not monopartite (Fig. 5B,
b). In contrast, although less eﬃcient than monopartite NLS
motif 244KRKR247, mutation of basic amino acids at either
the N- or C-terminus (236AA237 or 264AASA267, respectively)
of the construct pDsRed1-C1 mElf3 (236–267, 244AAAA247)
resulted in a predominantly nuclear localization (Fig. 5B, c
and d). This suggests that 249RPRK252 may require either
236KK237 or 264KKSK267 in order to act as a functional bipar-
tite NLS motif, although less eﬃcient than the entire domain
and monopartite motif 244KRKR247.Fig. 5. Identiﬁcation of two putative bipartite NLS motifs by site-direc
244AAAA247). (A) Schematic representation of site-directed mutants within a
Confocal laser scanning and DIC microscopy of COS-7 cells transfected with
with DAPI. Bar = 20 lm.3.4. Identiﬁcation of a NLS motif within the ETS DNA-binding
domain of mElf3
In addition, we investigated eﬀective NLS sequences within
the ETS DNA-binding domain. Several ETS transcription fac-
tors have been reported to contain functional NLS sequences
within the ETS domain [16–18]. For example, in chicken
Ets1 (cEts1), partial deletion (aa 369–388) of a highly con-
served region within the ETS domain resulted in exclusions
of the mutant protein from the nucleus [16]. Moreover, a clus-
ter of basic amino acid-rich residues (376GKRKNKPK383) in
cEts1 exhibits signiﬁcant similarity to the minimal sequence re-
quired for nuclear targeting of the SV40 large T antigen and
other nuclear factors [16,19,20]. Based on that report, we
aligned the partial amino acid sequences of other ESEted mutagenesis within the AT-hook domain of mElf3a (236–267,
fragment spanning the entire AT-hook domain, fused to DsRed1. (B)
DsRed1-tagged fusion proteins and counter-staining of nuclear DNA
Fig. 6. Identiﬁcation of NLS sequences within the ETS DNA-binding domain of mElf3a. (A) Schematic representation of deletion and site-directed
mutants within the ETS DNA-binding domain, fused to EGFP. (B) Confocal laser scanning and DIC microscopy of COS-7 cells transfected with
EGFP-tagged fusion proteins and counter-staining of nuclear DNA with DAPI. Bar = 20 lm.
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Table 2). We found sequence identity between mElf3 and other
members of the ETS family to range from 52% to 100% and
identiﬁed a cluster of basic amino acids (K/R-K/R-K) in the
middle of the aligned residues that was highly conserved. In
order to investigate NLS activity within the ETS domain of
mElf3, we deleted residues 311–329, which contained a cluster
of basic amino acids (318KKK320) and found that the mutant
protein was excluded from the nucleus, suggesting that this
region is critical for NLS activity (Fig. 6A and B, c). Addition-
ally, we mutated these three residues via in-frame deletion and
site-directed mutagenesis to alanines (Fig. 6A) and observed
that ﬂuorescence was broadly dispersed into the cytoplasm
of transfected COS-7 cells (Fig. 6B, d and e). These results
indicate that this one stretch of basic amino acid residues
(318KKK320) within the ETS domain is essential for Elf3 nuclear
localization.
It has been reported recently that some proteins contain
more than one NLS [21–23], although the reason for multiple
NLS sequences within a single molecule remains unclear. Some
studies have demonstrated that multiple NLSs can function
cooperatively to enhance nuclear accumulation [24,25]. Alter-
natively, individual NLS sequences may display binding spec-
iﬁcities recognized by cytosolic receptors expressed
diﬀerentially in diﬀerent cell type [26]. Our study is the ﬁrst
to demonstrate the presence of multiple NLS motifs within
mElf3, and suggests that these NLS sequences might function
cooperatively for more eﬃcient nuclear translocation.Acknowledgement: This work was supported by the Korea Research
Foundation (KRF-2004-003-C00142).References
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